Adrenomedullin (ADM) is a novel peptide with actions which include reduction of arterial pressure and interaction with a number of hormone systems. In order to assess possible interactions with the renin-angiotensin system (RAS) and the hypothalamo-pituitary-adrenal (HPA) axis, we have examined neurohumoral responses to hypotensive haemorrhage (15 ml/kg over 15 min) with or without co-infusions of ADM (5·5 pmol/kg per min) in six non-pregnant and eight pregnant conscious sheep. Haemorrhage induced a greater decrease in arterial pressure, but a blunted increase in heart rate in pregnant sheep. There was no significant effect of ADM on haemodynamic responses to haemorrhage in either group. In non-pregnant sheep, haemorrhage-induced activation of both RAS and HPA was significantly augmented by ADM, as indicated by greater increases in plasma renin activity (P<0·01), angiotensin II (P<0·05) and arginine vasopressin (P<0·01). In contrast, ADM did not augment these responses to haemorrhage in pregnant sheep. Rather, plasma concentrations of aldosterone (P=0·039) and adrenocorticotrophic hormone (P=0·012) were decreased by ADM. In conclusion, ADM-induced augmentation of the RAS and HPA responses to hypotensive haemorrhage is abolished in the pregnant state.
Introduction
Adrenomedullin (ADM) is a vasodilator peptide first isolated from human phaeochromocytoma cells and subsequently identified in many tissues, including the adrenal, heart, lung and kidney (Richards et al. 1996) . Results from our laboratory show that ADM mRNA is also strongly expressed in the uterus, ovary and posterior pituitary of rats and mice (Cameron & Fleming 1998) . Expression of specific binding sites for ADM have been reported in the uterus, with enhancement of both receptors and the peptide observed in pregnancy (Upton et al. 1997) . Further, plasma ADM concentrations are increased in human pregnancy (Di Iorio et al. 1997 , Minegishi et al. 1999 . Recent evidence suggests that ADM might have an essential role in fetal development, in that replacing the coding region of the ADM gene in mice resulted in embryos dying at midgestation, with extreme hydrops fetalis and cardiovascular abnormalities (Caron & Smithies 2001) . Taken together, these results suggest that ADM may play a vital part in human reproduction and fetal development.
Biological actions attributed to ADM include clear-cut and sustained reduction of arterial pressure in a number of species, including sheep (Parkes & May 1995 , Charles et al. 1997 and humans (Lainchbury et al. 1997) .
Endocrine actions documented in vitro include stimulation of renin release (Jensen et al. 1997) , inhibition of angiotensin II-induced and potassium-induced (but not adrenocorticotrophic hormone (ACTH)-induced) aldosterone secretion (Yamaguchi et al. 1994 , Nussdorfer et al. 1997 , Andreis et al. 1998 ) and inhibition of ACTH secretion (Samson et al. 1995) . Some of these effects have also been reported in vivo, including increased plasma renin activity (PRA) (Charles et al. 1997) , inhibition of endogenous (Rademaker et al. 1997 ) and exogenous angiotensin II-(but not ACTH-) stimulated plasma aldosterone (Petrie et al. 2000) and reduction of plasma ACTH and cortisol (Parkes & May 1995) . However, there are no reports of the integrated effects of ADM on both the reninangiotensin system (RAS) and the hypothalamopituitary-adrenal (HPA) systems in response to stress or during pregnancy in conscious animals. Further, the actions of ADM on hormonal axes in pregnancy are unknown. Accordingly, we have assessed possible modulatory actions of ADM on the neurohumoral response to a standardised stress. Thus we examined the haemodynamic and hormonal responses to hypotensive haemorrhage with and without concomitant administration of ADM in both non-pregnant and pregnant conscious sheep, under controlled experimental conditions.
Materials and Methods
The study was approved by the Animal Ethics Committee of the Christchurch School of Medicine. A total of 14 Coopworth ewes (Lincoln University Farm, Christchurch, New Zealand) were housed in an air-conditioned lightcontrolled room and received a standard laboratory diet (60 mmol sodium and 150 mmol potassium per day). Six sheep were non-pregnant and eight were pregnant (late gestation). With the animal under general anaesthesia (induced by 17 mg/kg thiopentone sodium and maintained by a mixture of halothane, nitrous oxide and oxygen), a Konigsberg (P4·0) high-fidelity pressure-tip transducer was implanted in a carotid artery (Konigsberg Instruments, Pasadena, CA, USA) for direct measurement of arterial pressure and heart rate. Polyethylene catheters were placed in both jugular veins for subsequent infusions, haemorrhage, right atrial pressure (RAP) measurement and blood sampling. The animals were allowed to recover for at least 7 days before experiments commenced.
Each animal was studied twice, at least 2 days apart. On one occasion they received, in balanced random order, ADM in haemaccel (Behring, Marburg, Germany), and on the other (control) the same volume of haemaccel (vehicle) alone. Human ADM(1-52) was administered via a jugular catheter in a dose of 5·5 pmol/kg per min for a total of 90 min. Thirty minutes after commencement of infusions, haemorrhage was performed by removal of 15 ml/kg blood over a 15 min period, from a jugular catheter. Blood was maintained sterile and heparinised until completion of the experiment, at which time it was returned to the sheep.
Arterial pressure and RAP measurements commenced 30 min before ADM or vehicle infusions by an online data acquisition system (Dataflow, Crystal Biotech, Hopkinton, MA, USA). Heart rate and pressure were digitally integrated over 30 s recording periods and data from four consecutive periods were averaged and recorded at preset intervals throughout the study.
Venous blood was drawn at preset intervals throughout the study day, starting 30 min before infusions. Blood was taken into chilled EDTA tubes, centrifuged, and plasma stored at 80 C. The following peptides were measured by radioimmunoassay: ACTH (Donald 1977) , ADM (Lewis et al. 1996) , aldosterone (Lun et al. 1983) , angiotensin II (Nicholls & Espiner 1976) , AVP (Sadler et al. 1983) , corticotrophin releasing factor (CRF) (Ellis et al. 1990) , cortisol (Lewis et al. 1992) and PRA (Dunn & Espiner 1976) .
Statistics
Results are expressed as means ... Two-way analysis of variance (ANOVA) with time as a repeated measure was used to determine time and treatment differences between ADM and control arms of the study or group differences (non-pregnant compared with pregnant) between control arms of the studies. Statistical significance was assumed at P<0·05. Where significant differences were identified by ANOVA, a priori Fisher's protected least square difference (LSD) tests were used to identify individual time-points that were significantly different from time-matched controls.
Results

Effects of pregnancy on baseline variables and response to haemorrhage
Plasma immunoreactive ADM concentrations remained close to the limit of detection for the assay during vehicle control infusions and there were no significant differences observed between groups in either baseline values or their response to haemorrhage as observed on the control day data (Fig. 1 ).
Baseline differences in haemodynamic parameters ( Fig. 2) were apparent between the groups for heart rate (non-pregnant 82·3 7·6 beats/min, pregnant 102 6·8 beats/min; P=0·02). Baseline mean arterial pressure (MAP) and packed cell volume (PCV) tended to be lower and RAP higher in pregnant sheep than in non-pregnant animals (all 0·05<P<0·1). Comparison of control-day haemorrhage data demonstrated that the decrease in MAP (in both absolute and percentage terms) was augmented in the pregnant sheep (peak decrease 22 mmHg (27%)) compared with that in the non-pregnant group (peak decrease 17 mmHg (19%); P<0·001). In contrast, the reflex increment in heart rate was attenuated (16% compared with 38%) in the pregnant sheep (P=0·006). There was no significant difference in the RAP response between groups. PCV responses to haemorrhage differed between groups (P<0·001), with an initial increase followed by a later decrease in the non-pregnant group, but a steady reduction throughout the experiment in the pregnant sheep.
Baseline differences in the RAS and aldosterone were apparent between the groups, with PRA (nonpregnant 0·295 0·03 nmol/l per h, pregnant 0·605 0·03 nmol/l per h; P=0·02), angiotensin II (non-pregnant 25·3 1·2 pmol/l, pregnant 31·5 2·5 pmol/l; P=0·05) and aldosterone (non-pregnant 240·2 50·3 pmol/l, pregnant 688·3 83·3 pmol/l; P=0·001) all being increased in pregnancy (Fig. 3) . The PRA (P=0·027), plasma angiotensin II (P<0·001) and aldosterone (P<0·001) responses to haemorrhage were all augmented in pregnant sheep compared with those in non-pregnant sheep.
There were no baseline differences in the HPA axis apparent between the groups (Fig. 4) . However, comparison of control-day haemorrhage data demonstrates that the plasma AVP (P=0·009) and ACTH (P=0·007) responses were both significantly greater in the pregnant sheep.
There were no significant differences in CRF or cortisol responses between the groups.
Effects of ADM
Plasma immunoreactive ADM concentrations increased similarly during peptide infusions in both nonpregnant and pregnant sheep (both P<0·001), to plateau at approximately 15-20 pmol/l (Fig. 1) .
There was no significant effect of ADM on the haemorrhage-induced decreases in MAP or RAP in either group (Fig. 2) . Similarly, ADM altered neither heart rate nor PCV responses to haemorrhage.
The effect of ADM on the RAS response to haemorrhage was altered by pregnancy (Fig. 3) . In non-pregnant sheep, haemorrhage-induced activation of PRA (P=0·005) and plasma angiotensin II (P=0·037) were significantly augmented by ADM compared with control infusion. PRA was significantly increased in response to ADM before haemorrhage (time-point 0), with activity further enhanced in response to haemorrhage whereas augmentation of the plasma angiotensin II response was statistically significant only after haemorrhage. In contrast, the haemorrhage-induced activation of plasma aldosterone was not significantly altered by ADM. In pregnant sheep, there was no augmentation of PRA and plasma angiotensin II responses to haemorrhage. Furthermore, the plasma aldosterone response to haemorrhage was significantly attenuated by ADM (P=0·039).
The effects of ADM on the HPA axis response to haemorrhage were also different between the groups (Fig. 4) . In the non-pregnant sheep, ADM significantly augmented the AVP response to haemorrhage (P=0·003). The plasma ACTH response to haemorrhage tended to be greater during ADM infusion compared with control values, although this did not attain statistical significance. Haemorrhage induced similar increases in plasma CRF and cortisol, with no statistically significant differences between ADM and control treatments. However, in the pregnant sheep, ADM had no statistically significant effect on the AVP, CRF or cortisol responses to haemorrhage, whereas the plasma ACTH response was reduced compared with control (P=0·012).
Discussion
A variety of hormonal actions have been described for ADM, but few in vivo studies have examined the effects of physiologically relevant doses of ADM on hormonal axes in an integrated manner. Furthermore, there have been no such reports of ADM actions on hormonal axes in pregnancy. In the present study, plasma ADM concentrations increased during peptide infusions, to plateau at approximately 15-20 pmol/l. Haemorrhage induced a greater decrease in MAP but a blunted increase in heart rate in pregnant sheep compared with non-pregnant ones.
There was no significant effect of ADM on haemodynamic responses to haemorrhage in either group. Hypotensive haemorrhage was associated with significantly greater activation of the RAS in pregnant than in nonpregnant sheep. However, the effect of ADM on the RAS response was different between the two groups. In nonpregnant sheep, ADM augmented the RAS response to haemorrhage, as demonstrated by enhanced activation of PRA and plasma angiotensin II concentrations, but did not augment the plasma aldosterone response. In contrast, there was no augmentation of the RAS response to haemorrhage in pregnant sheep. Furthermore, the plasma aldosterone response was attenuated on the ADM day. As with the RAS response, the HPA axis (both plasma AVP and ACTH) response to haemorrhage was greater in the pregnant sheep than in the non-pregnant sheep. Once again, the effect of ADM on the HPA response was different between groups. In non-pregnant sheep, the plasma AVP response was also augmented, whereas in pregnant sheep the plasma ACTH response was significantly attenuated by ADM. Normal pregnancy is characterised by reductions in vascular resistance, arterial pressure and responses to endogenous vasoconstrictors. Conversely, cardiac output, heart rate and blood volume are increased. These changes are generally believed to be physiological adaptations that assure an adequate supply of blood to the fetus. The exact mechanism responsible for these changes remains unknown, although several locally produced vasoactive substances are implicated in the regulation of the fetoplacental circulation (Di Iorio et al. 1997 , Jerat & Kaufman 1998 . It is also well established that pregnant animals are less able to maintain arterial pressure during haemorrhage than are non-pregnant animals (Brooks et al. 1995) . This was seen in the present study, in which decreases in arterial pressure during standardised hypotensive haemorrhage were greater in pregnant sheep than in nonpregnant animals. Thus the ability to compensate for a reduction in blood volume is attenuated during pregnancy. There is also evidence of blunted baroreflex control of sympathetic activity in pregnancy (Brooks et al. 1995 , Keller-Wood 1995 and this presumably explains the reduced heart rate response to haemorrhage in the pregnant sheep in the present study. Given the chronic alterations in blood volume and blood pressure -both variables that determine the secretion of a number of hormones such as the HPA and RAS -it is logical to hypothesise that the set-point for regulation of these hormones is reset in pregnancy. Indeed, it has been reported that AVP and ACTH responses to hypotension are reduced in pregnant ewes (Keller-Wood 1995) . This contrasts with the findings of the present study, which presumably relates to the considerably greater decrease in MAP (in both absolute and percentage terms) observed in the pregnant sheep compared with that in the non-pregnant group. That ADM infusions can induce an increase in PRA is well documented (Parkes & May 1995 , Charles et al. 1997 ; this is possibly the result of a decrease in arterial pressure stimulating the afferent renal arteriolar baroreceptor, but also possibly produced via activation of sympathetic activity to the kidney and a direct stimulatory effect on juxtaglomerular granular cells (Jensen et al. 1997) . This was again apparent in the present study, in which 30 min of ADM infusion (time-point 0) had significantly increased the PRA, even before haemorrhage. Stimulation of PRA by ADM was accentuated after haemorrhage, with concentrations remaining some threefold greater than time-matched controls for the duration of the experiment. Such dramatic effects of ADM on PRA were paralleled by the augmentation of plasma angiotensin II. This highly significant augmentation of the RAS response by ADM occurred in the absence of significant differences in arterial pressure between ADM-treated and control animals, suggesting again that factors beyond renal perfusion pressure (especially increased sympathetic activity and direct actions on the juxtaglomerula apparatus) were operative.
Despite such dramatic increases in PRA and plasma angiotensin II, the haemorrhage-induced increase in plasma aldosterone concentrations was not significantly enhanced by ADM. Furthermore, in pregnant sheep, in which PRA and plasma angiotensin II responses to haemorrhage were not augmented by ADM, the aldosterone response to haemorrhage was actually reduced. Thus ADM may have acted to suppress angiotensin II-induced aldosterone secretion from the adrenal gland. Consistent with this premise are observations from in vitro studies that ADM inhibits angiotensin II and potassium-(but not ACTH-) induced secretion of aldosterone (Yamaguchi et al. 1994 , Nussdorfer et al. 1997 , Andreis et al. 1998 . Recent in vivo studies in sheep (Salemi et al. 2000) and humans (Petrie et al. 2000) , along with the results of the present study, support an action of ADM to suppress angiotensin II-induced aldosterone secretion. A further factor in the pregnant sheep was the inhibitory action of ADM on ACTH. As the latter is a potent secretagogue of aldosterone, inhibition of ACTH by ADM might have contributed to the significant suppressive action of ADM on aldosterone that we observed.
ADM has inhibitory actions on the HPA axis under some experimental circumstances. Samson et al. (1995) reported that ADM suppressed ACTH secretion from pituitary cells in vitro, and ADM administered intravenously to conscious sheep reduced plasma cortisol and ACTH concentrations (Parkes & May 1995) . In the non-pregnant sheep of the present study, we saw no effect of ADM on plasma ACTH or cortisol concentrations or their response to haemorrhage. However, the plasma AVP response to haemorrhage was greatly augmented by ADM. Given that AVP is a known secretagogue for ACTH, we may have observed a balance of inhibition of ACTH by exogenous ADM and stimulation by increased endogenous AVP. Interestingly for pregnant sheep, in the absence of a measurable augmentation of the plasma AVP response to haemorrhage, plasma ACTH concentrations were significantly reduced by exogenous ADM, both before and during haemorrhage.
The mechanism behind augmentation of plasma AVP concentrations in the non-pregnant sheep in response to ADM infusion is unclear. It has been previously reported that intracerebroventricular administration of ADM inhibits both hyperosmolar and hypovolaemia-induced AVP in conscious rats (Yokoi et al. 1996) . It is possible that the stimulus for augmentation of the AVP response to haemorrhage was the trend for a more precipitous decrease in arterial pressure with ADM. In fact, it may have been expected that the hypotensive response to haemorrhage would have been exacerbated by ADM and, thus, augmented AVP secretion served to counteract a further decrease in arterial pressure and ameliorated the decrease in blood pressure.
A number of studies have suggested that ADM may have a significant role in the cardiovascular adaptation to pregnancy (Di Iorio et al. 1997 , Jerat & Kaufman 1998 , Shibata et al. 2000 . It is unclear why ADM exhibited a different profile of actions to modulate the response to hypotensive haemorrhage in the two groups (nonpregnant and pregnant) in the present study. Interestingly, the hyperdynamic state of pregnancy characterised by increased plasma volume and decreased systemic vascular resistance is generally believed to contribute to a blunting of the pressor response to vasoactive substances such as angiotensin II (Paller 1984) . We postulate that this same volume-replete hyperdynamic state contributed to a relative blunting of the actions of ADM to augment the AVP, PRA and angiotensin II response to hypotensive haemorrhage. Under such conditions, the actions of ADM in suppressing the aldosterone response to haemorrhage were unmasked. It has been reported previously that the hypotensive effect of ADM is potentiated in pregnant rats (Makino et al. 1999) . Our study was not designed to examine this but, interestingly, arterial pressure appeared to decrease more precipitously in response to ADM before haemorrhage (time-point 0) in the pregnant sheep. However, this trend did not reach statistical significance.
One issue possibly complicating interpretation of our data is the redistribution of blood flow with pregnancy and the effects of exogenous infusions thereon, such as has been reported with prolonged infusion of oestrogen. Magness et al. (1998) reported increased blood flow to some non-reproductive beds (skin, heart, skeletal muscle, brain) and reproductive beds during 10 days of 17 -oestradiol infusions in ovariectomised sheep. Under these circumstances, haemorrhage with or without concurrent ADM infusion may result in contrasting alterations in blood flow to different organs, which probably contributed to both production and clearance of the hormones that we measured. Changes in blood flow, not measured in the present study, will ultimately be needed to interpret the hormone and haemodynamic responses that we recorded. For example, it is presumed that the ADM-related inhibition of the plasma aldosterone response to haemorrhage is accounted for by a direct suppressant effect of ADM on the adrenal glomerulosa; although this might be so, changes in regional blood flow to organs involved in the clearance of aldosterone, particularly the liver, could also contribute.
Because the amino acid sequence of ovine ADM has yet to be determined, we infused the human form in the present studies. There is a high degree of homology for ADM between species sequences thus far identified (Richards et al. 1996) . However, it appears that bioactivity may be species-specific (Kohno et al. 1996) , hence it will ultimately be important to determine the biological actions of the hormone in the species of origin. Using an assay developed for measuring ADM in human plasma (Lewis et al. 1996) , we could not confirm detectable immunoreactive ADM in sheep plasma -endogenous concentrations were close to the limit of detection of the assay. Nevertheless, with the dose used in the present study, the achieved plasma concentrations of 15-20 pmol/l are at the upper limit of physiological for humans (normal range in our laboratory with this assay is 2·7-10·1 pmol/l). Given that other investigators have reported that pregnancy increases plasma ADM concentrations three-to sixfold over those in non-pregnant controls (Di Iorio et al. 1997 , Jerat & Kaufman 1998 , Minegishi et al. 1999 , concentrations obtained in the present study are likely to be similar to those observed in normal pregnancy. One point of uncertainty in this discussion is the potential confounding effects of ADM binding proteins. Pio et al. (2001) describe the existence of a large-capacity ADM binding protein, complement factor H in human plasma. This factor can interfere with measurements of plasma ADM. Until the status of ADM-binding proteins in sheep is clarified, interpretation of the physiological and pathophysiological relevance of achieved ADM concentrations in our experiments remains uncertain.
In conclusion, ADM significantly augments the RAS and HPA axis response to hypotensive haemorrhage in non-pregnant, but not in pregnant, sheep. In contrast, it inhibits the ACTH and aldosterone responses to haemorrhage in pregnant sheep. This study provides further evidence for a potentially important role for ADM in modulating hormonal responses to stress, but its modulatory characteristics may differ between the pregnant and non-pregnant states.
